We have investigated the use of polycations to increase adenovirus-mediated expression of transgenic protein to the biliary epithelia with a view to gene therapy for hepatobiliary disease in CF. We have shown that adenovirus carrying the ␤-galactosidase transgene transfect both human and mouse biliary epithelia in primary culture and that in both instances adenovirus transfection can be significantly increased by cocomplexing with polycation. In vivo administration of 1 × 10 9 p.f.u. adenovirus co-complexed with the polyamine polyethyenimine (PEI) into the mouse biliary duct leads to Ͼ80%
Introduction
Liver pathology is the second most common cause of mortality in CF adults after the lung. The primary pathological defect in CF liver disease resides in the biliary tract. 1 Up to 70% of adult patients with CF have focal biliary cirrhosis, a distinct pathological process characterised by mucus obstruction of the intrahepatic bile ducts and portal fibrosis. 2 Evidence of hepatic dysfunction can be found in 29-50% of CF patients developing biliary cirrhosis. 3 Lesions of the biliary epithelium are found in both the intrahepatic and extrahepatic bile duct system and CF can also result in microgallbladder, submucosal cysts and gall stones. 4 The only sites of CFTR expression as detected by CFTR mRNA and immunoreactivity in the liver are the intrahepatic and extrahepatic bile ducts. 5 CFTR is not detected in hepatocytes of normal liver or in livers exhibiting bile duct proliferation. It has been shown that CF-IBE cell lines which express biliary specific markers have no cAMP-inducible halide efflux proving that the Cl − channel is non-functional in these cells. 4 A number of published studies have addressed approaches to gene therapy for hepatobiliary disease in CF. The most effective investigations have exclusively used adenovirus vectors. Yang et al 6 were the first to use adenovirus to transfect the rat biliary epithelium by direct main bile duct cannulation. They achieved almost positively stained biliary epithelia while adenovirus alone at the same titre infected Ͻ5% biliary epithelia. We suggest that the use of low titre polycation enhanced adenoviral delivery to the biliary tree of CF patients could be of therapeutic significance. As a prelude to an extensive in vivo functional investigation in CF null mice we have shown that Ad5/polycation complexes deliver functional CFTR to non-CFTR expressing cells in vitro more efficiently than Ad5 alone. Gene Therapy (2000) 7, 644-652.
100% gene transfer of biliary epithelia with only minimal transfection of hepatocytes using high titre adenovirus (1 × 10 11 plaque-forming units/ml) expressing the ␤-galactosidase reporter gene and CFTR cDNA, respectively. This efficiency and selectivity has, however, not been reproduced in mice by others including ourselves. Several investigations have shown adenovirus-mediated gene transfer to human gallbladder cells in vitro 7, 8 and sheep gallbladders ex vivo. 7 Correction of the CF ion transport defect in human intrahepatic biliary epithelial cell lines 4 and ex vivo gene transfer to the human biliary tract of a donated liver was also demonstrated. 9 Most recently therapeutic levels of functional CFTR protein in the gallbladder have been achieved by delivery of CFTR plasmid in lipoplex after intratracheal administration to CF mice, 10 although it is unknown if transgenic CFTR is delivered to the intrahepatic biliary epithelia. The pathway of gene delivery by this route is not presently understood.
An increase in the infectivity of adenovirus to cells that are not usually susceptible to transfection was recently achieved by co-complexing the virus with polycations and monovalent and polyvalent lipids. 11, 12 However, the relative efficiency of individual polycations differs from tissue to tissue most likely depending on the particular physiochemical membrane properties. In this paper we describe the selective transfection of biliary epithelia via biliary cannulation by co-complexing the virus with polycations.
Results
Polyamines and cationic lipids increase adenoviral infectivity of the human biliary cell line Mz-ChA-2 and primary murine and human biliary epithelia To test whether the infectivity of adenovirus could be enhanced by co-complexing with polycations or cationic lipids before transfection, we assayed its infectivity with increasing concentrations of cationic amphiphile on the human adenocarcinoma biliary cell line Mz-ChA-2 and on primary biliary cells derived from mouse and human gallbladders. The infectivity of type5 pseudotyped adenovirus expressing the ␤-galactosidase transgene (Ad5.␤-gal) on these cells was assayed by ␤-galactosidase activity at a set multiplicity of infection (MOI) (5 MOI for MzChA-2 cultured biliary epithelia and 10 MOI for murine and human primary gallbladder epithelia) which provided successful transfection of approximately 1% of the cells. Transfection was measured by counting the percentage of positively stained cells for ␤-galactosidase activity in a defined quadrant. In each case, at least 200 cells were counted per quadrant. Each concentration of cationic amphiphile was tested in quadruplicate against transfection without amphiphile addition. Each complete experiment was performed in duplicate. Initial experiments on Mz-ChA-2 cells showed that the cationic lipid DOGS showed comparatively low levels of enhancement of Ad5.␤-gal compared with the other amphiphiles, which increased transfection by approximately 30-fold. LipofectAMINE substantially increased transfection at low concentrations up to an average of 85-fold at 1.0 g/ml but caused toxicity above 1.0 g/ml. Toxicity was measured by the general morphology of cells, ie extended processes, dysmorphology, high quantity of lysosomes and lifting off the surface. The three polycations tested (DEAE-dextran, poly-l-lysine (av 25 kDa) and PEI (25 kDa)) increased infectivity substantially by approximately 100-fold with no apparent toxicity even at the highest tested concentrations of polycation ( Table 1) . As a consequence we chose to not continue the analysis of DOGS on primary gallbladder epithelia.
Gallbladder epithelia were isolated from mouse and human gallbladders, assayed immunohistochemically for the presence of the biliary specific marker cytokeratin 19 using a mouse anti-human cytokeratin 19 monoclonal Gene Therapy antibody and cultured for up to 14 days or until Ͼ60% confluent. LipofectAMINE enhanced adenoviral transfection was toxic over 10 g/ml in both mouse and human primary cells. In contrast, all three polycations provided substantial enhancement of transfection. PEI and DEAEdextran enhanced Ad5.␤-gal transfection of human primary biliary epithelia most efficiently to 35% and 53% of all cells, respectively, while poly-lysine increased transfection by only 6% (Figure 1 ). The same general trends were observed in mouse primary cells although polylysine increased adenoviral transfection to 26% in these cells (Table 1) .
Pre-incubation with bile has no effect on infectivity of adenovirus-polycation complexes To exclude that the infectivity of adenovirus either alone or in complexes with cationic amphiphiles may be inhibited by the degradative effect of bile, we pre-incubated adenovirus or adenovirus/amphiphile complexes in whole human bile for 2 h at 37°C before addition to Mz-ChA-2 cells at an MOI of 5 (5 × 10 5 p.f.u. Ad. ␤-gal). Transfection of Mz-ChA-2 cells with Ad5.␤-gal alone and its stimulation by addition of polycations was not influenced by bile pre-incubation, while the enhancement of adenovirus transfection by lipid formulations (DOGS and LipofectAMINE) was completely negated (Figure 2 ).
Polycations enhance adenoviral transfection of both murine and human gallbladder sheets ex vivo Both human and mouse primary cells were grown and propagated in culturing conditions for up to 14 days, but we were unable to concentrate or passage cultures to produce polarised monolayers of epithelia. To show enhancement on polarised monolayers of biliary epithelia we therefore infected whole mouse gallbladders and sheets of biliary epithelia removed from the intact human gallbladder. Transfections were carried out with 1 × 10 7 p.f.u. Ad5.␤-gal per mouse gallbladder and approximately 5 × 10 7 p.f.u. per cm 2 of human gallbladder epithelial sheet. In accordance with previous results PEI and DEAE-dextran proved again the most efficient enhancement agents of adenoviral transfection (Figure 3a and b).
Bile duct infusion of adenovirus/PEI complexes provides efficient transfection of biliary epithelia in vivo Retrograde biliary infusion in anaesthetised mice was used to investigate the influence of polycations on trans- fection of biliary epithelia in vivo. Adenovirus or preformed adenovirus/polycation complexes with the three effective polycations at 1 × 10 9 p.f.u. in 100 l were infused into the common bile duct of adult male mice. The optimal concentration of polycation for in vivo experiments was determined on human primary gallbladder epithelial cells. These cells were consistently healthier (less vacuolated) than mouse gallbladder epithelial cells, growing to higher confluence. The mice were killed 4 days later and analysed for the expression of ␤-galactosidase.
The Ad5.␤-gal virus on its own transfected mainly hepatocytes throughout the liver and not only those adjacent to visible bile ducts. In contrast, only a low percentage of biliary epithelia was transfected (Figure 4 ; 1). This pattern of transfection was observed in both rats and mice. Consistent results were obtained in three separate experiments. In contrast, complexing the adenovirus with polycation restricted transfection predominantly to the biliary epithelia and the areas surrounding the portal tracts ( Figure 4 ; 2-4). Ad5.␤-gal/poly-lysine complexes were consistently the least effective of the three investigated polycations in these studies with regard to the percentage of positive staining biliary epithelia on analysis (Table 2) . Both PEI and DEAE-dextran caused an increase in adenovirus transfection specific to biliary epithelia. Ad5.␤-gal/PEI complexes transfected Ͼ80% biliary epithelia as detected reproducibly in sections from four animals in two separate experiments. Ad5.␤-gal/DEAEdextran complexes gave similar results but repeat experiments were less consistent than with Ad5.␤-gal/PEI complexes. We did not observe any histological evidence of immune response, such as the build up of macrophages or apoptotic liver cells, in any animals four days after transfection. 
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Figure 3 Ex vivo infection of mouse and human gallbladders with
Effect of adenovirus and adenoviral/polycation complexes on delivery of functional CFTR in CHO cells
To assess the effect of the polycation enhancement of adenovirus transfection on functional CFTR activity we transfected CHO cells (which do not express endogenous CFTR) in culture with Ad.CFTR or Ad.CFTR/polycation complexes. Transfection in CHO cells with Ad5-CFTR, with or without cationic amphiphiles, resulted in the generation of a cAMP-sensitive CFTR mediated halide (I − ) efflux. Forskolin, an activator of adenylate cyclase was used to generate cAMP. Forskolin had no effect on nontransfected CHO cells. The rate of CFTR-mediated I − efflux after transfection with Ad5-CFTR alone and combined with PEI, DEAE-dextran or poly-lysine amphiphiles are shown in Figure 5a -d. The data show the rate constant of I − efflux, k, versus time (where kt 0.5 = 0.693 and where t 0.5 is the time for the tracer concentration in the cells to fall by 50%). Before the forskolin stimulus was applied, the rate constants for halide efflux was the same in transfected and untransfected cells, except for DEAEdextran which showed a slightly higher rate than Ad5-CFTR alone. This may indicate that DEAE-dextran treatGene Therapy ment causes some leakeage in the CHO cells resulting in halide loss in the absence of a physiological stimulus. In all instances the rate constants for efflux were significantly increased following addition of forskolin. The order of potency of the amphiphiles to enhance efflux as judged from the maximal value (k max ) in order of increasing potency was: Ad5ϽAd5/PEIϽAd5/DEAE-dextran ϽAd5/poly-lysine. Because the efflux profiles were different for the four amphiphiles other parameters were measured from the efflux data. These were the rate of change of k (d/dtk) and area under the curve. These parameters gave the same order of effectiveness as k max .
Discussion
The majority of studies investigating gene delivery to the biliary tract thus far have concentrated on the rat or ex vivo models. A study by Vrancken Peeters et al 13 aimed at hepatocyte transfection in the mouse by intrabiliary infusion reported up to 70% transfection of hepatocytes after administration with 1 × 10 10 p.f.u. of adenovirus but they did not quantitate biliary transfection. This is in con- trast to Yang's report of 100% biliary cell and Ͻ1% hepatocyte transfection after biliary infusion with 3 × 10 10 p.f.u. of adenovirus in rats. In this study we initially administered 1 × 10 10 p.f.u. Ad5.␤-gal to the adult mouse biliary tract by retrograde biliary infusion and found some biliary staining (approximately 1%); however, up to 50% of hepatocytes were transfected. We could however demonstrate selective targeting of biliary epithelia by retrograde biliary infusion of comparatively low titre adenovirus complexed with polycations. In our procedure the point of cannulation is the main common bile duct. This is in contrast to the procedure of biliary cannulation used by Vrancken Peeters et al where the gallbladder is sacrificed as the point of cannula entry. The gallbladder is a biliary epithelial lined membrane useful for measuring electrophysiological responses across. 10 Using the common bile duct as the point of cannula entry means that in future studies we will be able to analyse CFTR-specific electrophysiological properties of the CF null mouse gallbladder after Ad5.CFTR transfection of the biliary tract and gallbladder.
In our initial analysis of the different cationic agents in cell culture we observed that the cationic lipids DOGS and LipofectAMINE tended to cause cellular toxicity at Adenovirus or adenovirus/polycation complexes were infused retrograde into the common bile duct over 5 min. Animals were killed after 4 days and liver sections fixed, stained for ␤-gal activity and analysed histologically. The number of positively stained biliary epithelia were expressed as a percentage of the total number of biliary epithelia observed on each mid-lobe liver section. For each mouse at least six individual liver sections were analysed and a total of four mice were used for each adenoviral infusion. Figure. Gene Therapy concentrations at which enhancement of transfection was observed for all cell types. In contrast the three polycations investigated were all potent enhancers of infectivity with little or no cellular toxicity, with PEI and DEAEdextran seen to be superior to poly-lysine on all biliary epithelia. Both PEI and DEAE-dextran are more densely protonated at neutral pH and have or exhibit more complex branched structures than poly-lysine suggesting that charge density is the most important characteristic. This is supported by the comparatively poor enhancement by cationic lipids which have a substantially lower charge density. The data also indicate that the fusogenic properties of the cationic lipids DOGS and LipofectAMINE do not enhance transfection but rather can cause cellular toxicity at higher concentrations. Optimal cationic amphiphile concentrations for maximal increase of viral titre were between five and 15 times higher in the primary culture experiments as compared with the Mz-ChA-2 experiments but all cations were not toxic to the cells at these higher concentrations.
Figure 5 Rate constants for
I − efflux from preloaded CHO cells which had been transfected 2 days previously (closed symbols) or were untransfected (open symbols). Transfection was with Ad5-CFTR alone (a) or with Ad5-CFTR with the cationic amphiphiles PEI (b), DEAE (c) or Poly-Lys (d). Means and standard errors are shown for all values with n = 3. In many instances the error bars are smaller than the symbol. Values of k max , max d/dt k and AUC are shown in the
A practical consideration concerning in vivo gene delivery to the biliary epithelia is the presence of bile throughout the biliary tree and gallbladder. We addressed this issue by pre-incubating the pre-formed adenovirus/ amphiphile complexes in the presence of human bile (diluted 1:1 with H 2 O due to the viscosity of bile collected from the gallbladder) at physiological temperature before adding to cells. Bile is extremely toxic to the Mz-ChA-2, primary human and mouse cultured cells. Pre-incubation of the complexes with bile avoids adding high bile concentrations directly to the cells allowing any degradative effect on the complex still to be observed. Encouragingly, bile had no effect on the transfection efficiency of Ad5 alone which suggests little or no interaction between bile acids and adenovirus coat proteins. Bile preincubation also had little effect on adenovirus complexes with any of the three polycations tested suggesting little or no ionic interaction between bile salts and polycations. This suggests that polycations can be used to enhance adenovirus transfection in vivo.
Our experiments on polarised gallbladder epithelial sheets replicated the enhancement observed in primary cell cultures and allowed us to select the polycations for further in vivo studies. It is worth noting that the pattern of ␤-gal staining on the human gallbladder sheets appears, especially in the case of Ad/PEI, in regular patterns. This is most probably a result of the cell scraping which may, in some cases, remove the mucosal layer allowing more effective adenoviral transfection. This suggests that the mucosal layer is still a significant barrier for Ad/polycation transfection. Biliary infusion of 1 × 10 10 p.f.u. of adenovirus alone resulted in extensive transfection of hepatocytes throughout the liver. This observation was in agreement with Yang's initial observations using high titre virus in rats. However, in contrast to Yang's observation that lowering the delivered titres 10-fold lead to selective transfection of the biliary epithelia we still found considerable hepatocyte transfection and less transfection of the biliary epithelia at 1 × 10 9 p.f.u. of adenovirus. The anomaly between our observations and those of Yang's could be explained by a species-specific variation. It is possible that the extremely small diameter cannula (33 gauge) in conjunction with the similarly small diameter of the actual common bile duct contrives to cause increased pressure of infusion forcing more virus into the canalicular spaces. However, we have shown that it is possible to transfect Ͼ80% of biliary epithelia using 1 × 10 9 p.f.u. adenovirus per mouse in complex with PEI, a level of biliary transfection we were unable to reach using adenovirus alone at the highest viral titre available to us. By co-complexing the virus with polycation we were not only able to increase infectivity significantly but also to attain a higher degree of biliary cell targeting, as only a few neighbouring hepatocytes were transfected. This selectivity may be due to one of two effects or a combination of both. The high cationic charge of the complexes may attract them to the closest anionically charged cell membranes, ie the biliary epithelia. Alternatively, co-complexed Ad5/polycation may also form aggregates, which may be too large to pass into the canalicular spaces and therefore would only infect those cells in their immediate vicinity.
The aim of these investigations is to find the most efficient way of introduction of a functional CFTR gene sequence into CF-affected cells. Our investigations of CHO cells show that it is possible to enhance adenovirusmediated CFTR expression by complexing the virus with amphiphiles. We used a functional assay to examine the effects of amphiphiles on adenoviral transfection. CFTR is a cAMP-sensitive chloride channel 14, 15 and its presence in the cell membrane can be detected by measuring halide ion efflux, in this case iodide. Addition of forskolin activates adenylate cyclase 16 and increases the cAMP content of the cells to activate CFTR and so increases the efflux rate above the basal leak rate. Whether transfected with Ad5-CFTR alone or with amphiphiles the CHO cells responded to forskolin within 1 min, indicating that all protocols had resulted in the formation of functional CFTR. The order of increasing effectiveness from Ad5-CFTR alone, to Ad5-CFTR complexed with poly-l-lysine was the same whether values of k max , max d/dt k or AUC was used for comparison. There is no a priori reason to suggest that this order will be the same for gallbladder epithelial cells as with CHO cells, nevertheless the generality of enhancement of infection seen with amphiphiles in this work, independent of cell type used, suggests that it is a valuable general phenomenon. The differences in the form of the responses obtained with the different treatment protocols are difficult to analyse from efflux data alone. However, the maximal d/dt k is probably a good indicator of the density CFTR chloride channels in the membrane of CHO cells.
The obvious next step in these investigations is to deliver a CFTR transgene to the biliary epithelium in CF knockout mice. In other tissues it has been suggested that as little as 5-10% of cells need to produce CFTR protein for the tissue to function normally. If this also applies to the biliary epithelium it would require only very low titres of adenovirus co-complexed with PEI to achieve therapeutic effects while substantially decreasing immunoreactivity to the virus. Although at present adenoviral transfection is not clinically applicable the advent of gutless adenovirus 17 could decrease immune recognition. In addition adenoviral/retroviral constructs 18 could be used to obtain sustained retrovirus-mediated transgene expression with the same demonstrated enhancement by applying polycation for initial adenovirus transfection. In conclusion we have shown that the transfection efficiency on biliary epithelia of adenovirus co-complexed with the polycation PEI is significantly greater and is in vivo more selective in targeting the biliary epithelia than that of adenovirus alone.
Materials and methods
The adenoviral constructs used throughout this investigation were supplied by Transgene, Strasbourg, France. Adenovirus encoding the ␤-galactosidase transgene under the control of an RSV promoter were first generation E1a, E1b deleted as well as most E3 vectors. Adenovirus encoding the human CFTR transgene under control of the major late promoter were second generation vectors also deleted of the E4 region. The human biliary adenocarcinoma cell line Mz-ChA-2 were a gift from Professor A Knuth (Johan-Wolfgang Goethe Universitat, Frankfurt am Main, Germany).
Primary culture of murine and human gallbladder epithelia Whole gallbladders were obtained from consenting patients undergoing routine cholescystectomy at St Mary's Hospital, London. Gallbladders were opened by a single mid-line incision from the cystic duct terminus to the base and washed extensively in pre-warmed wash medium (DMEM containing 7.5 g/ml fungizone, 300 g/ml penicillin, 300 g/ml streptomycin, 75 g/ml gentamycin (all Gibco, Gaithersburg, MD, USA) and 0.5 mg/ml BSA (Sigma, St Louis, MO, USA)). Bile residue was then scraped from the epithelial layer using sterile plastic cell scrapers. The whole gallbladder was then suspended in 20 ml wash media and incubated at 37°C, 5% CO 2 for 30 min to loosen the epithelial layer from the fatty layers below. After incubation, the epithelial layer was carefully removed from the fatty layers with a forceps. The epithelial layer was washed three times in wash medium to remove any excess fat then washed twice in pre-warmed DMEM and incubated in 20 ml collagenase solution (3.5 mg/ml collagenase type IV (Sigma), 0.5 mg/ml BSA in DMEM) for 1 h at 37°C, 5% CO 2 . After incubation epithelia were removed from the basement membrane by gentle scraping and the cell suspension was collected.
Whole gallbladders were removed from mice by carefully cutting the ligature attaching the gallbladder to the liver lobes and then severing the cystic duct. Gallbladders were opened under aseptic conditions by a single cut laterally from the cystic duct terminus to the apex of the bladder and washed three times in sterile PBS pH 7.2 (Gibco) at 37°C before being subjected to collagenase digestion. Type IV collagenase was prepared as for human gallbladders and up to 20 gallbladders were immersed in a maximum volume of 10 ml collagenase digestion medium and incubated at 37°C, 5% CO 2 for 30 min. The gallbladder tissue was pipetted up and down vigorously through a sterile 200 l pipette tip until the tissue broke into small fragments. The tissue was subjected to a further 15 min collagenase digestion at 37°C, 5% CO 2 .
Following collagenase digestion human and mouse epithelial suspensions were centrifuged at 1000 g for 5 min and the supernatant removed. The pellets were resuspended in primary culture medium (1:1 DMEM:-HAMS F-12 (Gibco) containing 2% Ultroser G (Gibco), 2.5 g/ml fungizone, 100 g/ml penicillin, 100 g/ml streptomycin, 25 g/ml gentamycin, 5 g/ml human recombinant insulin (Sigma), 5 × 10 −7 M hydrocortisone (Sigma) and 2 g/ml human or murine EGF (Sigma)) and dispersed by pipetting. Centrifugation and resuspension was repeated before dilution and transfer to six-well dishes pre-coated in type IV collagen and incubated at 37°C, 5% CO 2 for 48 h. Cells were washed three times with fresh pre-warmed primary culture medium and the medium subsequently changed every 48 h. Test cultures of human gallbladder epithelial cultures were tested for the presence of the biliary specific marker cytokeratin 19 by standard immunohistochemistry using a mouse antihuman cytokeratin 19 antibody (Dako, Glostrup, Denmark).
Preparation of adenovirus/amphiphile complexes Adenovirus was mixed with cationic amphiphile 20 min before application. Amphiphile was always calculated as weight per volume of bathing media or infusion media. LipofectAMINE was purchased from Life Technologies and DOGS was produced by Dr A Miller, Imperial College, London. PEI (25 kDa) was purchased from Aldrich, DEAE-dextran (50 kDa) and poly-l-lysine (25 kDa) were purchased from Sigma and each was diluted in water to a 10 g/l working solution.
In vitro transfection
Mz-ChA-2 cells were seeded in 24-well plates 24 h before transfection at 5 × 10 5 cells per well. Cells were grown in CMRL-1066 (Gibco) medium supplemented with 10% serum at 37°C, 5% CO 2 . Primary cells were seeded on to type IV collagen coated plates and incubated at 37°C, 5% CO 2 for up to 14 days or until murine gallbladder epithelia (MuGBE) were at least 30% confluent and human gallbladder epithelia (HuGBE) were at least 60% confluent. Adenoviral transfections were carried out in the presence of 10% serum and cells were incubated for 48 h before assaying for ␤-galactosidase expression. Serum supplemented DMEM was removed and the cells washed twice in PBS (Gibco-BRL). The cells were fixed for 10 min at 4°C in formalin fixative (2% formaldehyde, 0.2% gluteraldehyde (both BDH, Poole, UK) in PBS), washed twice in rinse buffer (2 mm MgCl 2 , 0.1% Na deoxycholate (Sigma), 0.2% NP40 in PBS). Cells were stained in X-gal staining solution (1 mg/ml X-gal, (Melford, Ipswich, UK), 5 mm ferrocyanide, 5 mm ferricyanide (both Sigma) in rinse buffer) at 37°C for 30 min protected from the light. After staining the cells were washed twice with PBS and stored in formalin fixative.
In vitro transfection after pre-incubation in the presence of human bile Whole human bile was collected from a single undamaged gallbladder and diluted 1:1 with sterile H 2 O. Adenovirus and pre-formed adenovirus/polycation complexes were incubated in the presence of bile solution for 1 h at 37°C before infecting cells as described above. The final concentration of bile added to the cells is Ͻ1%.
Ex vivo murine and human gallbladder transfection Mice were starved for 2-4 h to allow accumulation of bile in the gallbladder then killed and bile-filled, swollen gallbladders were then removed and placed in PBS at 37°C. Gallbladders were opened by a mid-line incision under a microscope and washed three times in sterile PBS. Opened gallbladders were then placed, apical side Gene Therapy up, on a culture dish and primary culture medium containing adenovirus or adenovirus/amphiphile complexes were added drop-wise to the apical surface of the epithelial sheet. Bladders were incubated for 6 h at 37°C, 5% CO 2 then immersed in fresh primary culture medium and further incubated at 37°C, 5% CO 2 for 48 h before assaying for X-gal histochemistry as previously described.
Human gallbladder epithelial sheets were prepared as described for making primary cultures, placed in culture dishes apical side up and media containing adenovirus or adenovirus/amphiphile complexes added drop-wise to the apical epithelial surface. They were incubated for 6 h at 37°C, 5% CO 2 then immersed washed extensively in fresh primary culture media and further incubated at 37°C, 5% CO 2 for 48 h before assaying for X-gal histochemistry as previously described.
Murine bile duct cannulation and retrograde infusion of adenovirus and adenovirus/polycation complexes Mice were anaesthetised with halothane, opened by midline laparotomy and the common bile duct was punctured and cannulated using a 33 gauge temporary cannula held in position by a temporary suture. 100 l of adenovirus or adenovirus/polycation complex was infused retrogradely over a period of 5 min. The catheter was removed and gentle pressure applied to the site of puncture. The muscle and skin layers were closed and the animal allowed to recover in a warm clean environment after administration of buprenorphine analgesia at 0.01 mg/kg. Animals were monitored continuously until full recovery from anaesthesia. After 4 days, animals were re-anaesthetised and the liver perfused through the hepatic circulation with physiological saline and then fixative (2% formaldehyde, 0.2% glutaraldehyde, 2 mm MgCl 2 , 5 mm EGTA, 0.02% NP40 (all Sigma), PBS) followed by death and removal of the liver, the extrahepatic bile duct system and gallbladder for analysis. Formalin fixed tissues were stained for X-gal histochemistry as previously described then cut, mounted and stained with haematoxylin and eosin. Bile ducts were located on each liver lobe section and positively stained biliary epithelial cells counted and expressed as a percentage of the total of biliary epithelial cells counted per section.
125
Iodide efflux experiments Chinese hamster ovary (CHO) cells were grown in sixwell (3.8 cm 2 ) plates (Corning, New York, NY, USA). They were maintained in HAMS F-12 medium supplemented with 5% FCS at 37°C, 5% CO 2 for 24 h at which point, three wells of each plate of near confluent cells were infected with Ad5.CFTR or Ad5.CFTR/ polycation. Another three wells of cells in each plate were left untreated to act as controls. The cells were re-incubated for 48 h at which point efflux experiments were performed by the method previously described by MacVinish et al. 19 Briefly, cells were loaded with efflux buffer (see below) containing 2.5 Ci/ml 125 I − for 90 min at 37°C. The cells were then washed and the buffer sampled every 30 s (at 37°C) by rapid removal and replacement with fresh efflux buffer (1 ml). After 1.5 min efflux buffer containing forskolin (10 m) was substituted until the end of the experiment (7 min) at which point 1 ml of 0.1 N NHO 3 was added, for 30 min, to extract residual isotope. The buffer samples were counted for ␥-
